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ABBREVIATIONS AND SYMBOLS

Cone Index

Drag fcrce

Cone index gradient
Characterist:.c linear dimension
Clay numeric*

Sand Jumeric*

Ply rating

Braked-wheel slip

Velccity in fluid machanics relations
Carriage forward speed

Wheel peripheral speed

Wheel load

Tire section width

Tire diamecer

Acceleration of gravity
Pressure

Tire sinkage

Mass density

* Subscripts
numerics.

cl, c2, c3, c4, sl, and s2 indicate various forms of the
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SECTION I %
5
INTRODUCTION
1. BACKCGROUND
Under preser lav concepts ot warfare, it is essential that the mili- i
carv organization be able to airlift men and equipment quickly into any %
area ol operations and to furnish support while thev are there. Very ;
otten, airfields do not exist, are too few, or are not close enough to fy
the battle airea to be used for support operations. Normal construction i
ot an airfield requires a great deal of time and monev, as well as a ;
considerable outlav of equipment, none of which mayv be available in a ;
given situation. JAs an alternative, it has been sugpested that cargo 5
aircratt land on unsurtaced runways that have received only a minimum of 3
preparation. This, of course, requires landing gear designed to withstand é
,
the drag force and wheel sinkage associated with soft soils.
Some of the parameters that affect drag force and sinkage are load,

soil strength, tire size, tire deflection, velocitv, and slip (braking).
The effects of these parameters on drag force and sinkage have been deter-
mined, except for velocity and braking, from tests with powered and {reelv
rolling model and prototype pneumatic tires in soft svils conducted over
the past several years byv the Mobility and Enviroamental Systems Laboratorv
(MESL), U. S. Army Engineer Waterways Experiment Station (WES) (reference 1).
Through the use of dimensional analysis techniques, it has been shown that
the parameters measured in model tests can he used to predict values for
the prototype tires tested to date (reference 2). This suggests that the
problem of determining the efrect of braking on drac force and sinkage also
would lend itself to model analvsis. Therefore, a program of model tests
using braked wheels was conducted as a joint eifort between the MESL and
the Soils and Pavements Laboratory at WES.

2. PURPOSE

The specific purposes of this study were to (a) determine the effect

of braked-wheel slip on drag force and sinkage, and (b) ascertain




whether a scale model cen be used to predict behavior of prototypes

under conditions of high braked-wheel slip in a glven soil.

3. SCOPE p
Braked-wheel performance tests were conducted, some under conditions

of constant braking (constant slip), and the remainder under conditions of

programmed braking (slip progressing linearly from 0 to 100 percent). The i

analysis herein considers only tirst-pass wheel performance data. Tests

were conducted on a fat clay and on a dry sand with the average initial

S

strength of the soils (cone index) ranging from 20 to 60 in the 0- to 6-in.

layer. Two tires were tested, a 4.00-7, 2-PR and a 9.00-14, 2-PR at one

tire deflection, 25 percent.
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SECTION 11

TEST PRCGRAM

1. TEST FACTLITY

The test program was conducted in the mobility small-scale-testing
facility (figure 1) of the WES. A detailed description of this facility
and the test techiques used can be found in reference la.

2.  SCILS AND THEIR PREPARATION

The soils used in this study were classified as fat clay (CH) and
fine sand (SP-SM), respectively, according to the Unified Soil Classifica-
tion System. The clay was a Mississippi River aliuvium obtained from the
Long Lake area northwest of Vicksburg, Mississippi. The sand was obtained
from dunes near Yuma, Arizona. Gradation and classification data for the
two soils are shown in figure 2.

The clay was prepared to the desired consistency in a pug mill, which
mixed soil and water at predetermined rates of flow. The prepared soil
flowed from the pug mill into a test bin that was propelled slowly back
and forth to allow uniform distribution of the sril. Next, the soil was
compacted with a pneumatic-tired roller to a density corresponding to
about 95 percent saturation, and then cured for approximately 11 days.

All the sand was air dried. To achieve different soil strengths,
the density was varied by placing the sand in bins in uniform layers and
screeding and vibrating it from the surface as required to achieve the
desired strength (reference la).

3. TEST TIRES

The twec test tires were tne 4,.00-7, Z PR and the 9.00-14,2-PR, which
were selected for use in this study primarily because they are essentially
1:2 scale models of one another.

4. TEST PROCEDURES

Three tests were conducted in each soil for each combination of tire

size, soil strength, and wheel load used. Two of these were braked-wheel,

constant-slip tests (40 and 80 percent); the third w-s a braked-wheel,
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programmed-increasing-slip test (0 to 100 percent). The speed of advance
of the carriage (Vc) was held constant at 5 fps and the peripheral speed
of the wheel (Vw) was adjusted to obtaln different slip values. The term
"braked-wheel slip'" as used herein is defined as 1-(Vw/VC). By
computing slip in this manner, a fully braked wheel is shown tc be
operating at 100 percent positive slip when Vw = 0. It should be noted
that braked-wheel slip, as defined, is a dimensionless number.

Moisture and density of the soil were determined before and after
‘raffic, and cone index was measured before, during, and after traffic.

Measurements of drag force, sinkage, tire deflection, wheel load, and

slip were recorded continuousiy during each pass of the wheel.
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SECTION III
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ANALYSIS OF TEST RESULTS

o

]

1. PRESENTATION OF DATA

The tire, soil, and performance data used in the analysis are listed
in tables I and 1lI. To determine whether test< with braked wheels would
lend themselves to model theory, results obtained in an earlier dimensional
analysis (reference 2) of the tire-soil system with powered wheels were
used. Among other things, this dimensional analysis showed that toth the
ratio of drag force of a free-rolling wheel to wheel load (D/W), hereafter
called the drag ratio, and the ratio of sinkage to tire diameter (z/d),
hereafter called the sinkage ratio, are related to a dimensionless numeric
ir which variables of soil strength, load, and tire geometry are cowmbined.

The basic numeric for clay is

Cbd
Ncl TwW (1)

where
C = cone index, psi
b = undeflected tire sgection width, in.
d = undeflected tire diameter, in.
W = wheel load, 1b

The basic numeric for sand is

Gb(bo)3/2
e = (2)
where
(i, = average cone index gradient over 2 depth equal to the sectional

width of the tire
Tire sizes, wheel loads, and soil strengths for this test program
were chosen mainly to meet the scaling requirements of dimensional apalysis
technigques. In this analysis, braked-wheel drag force and slip are

plotted as positive numbers.
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2. T¥SIS IN CLAY

The first step was to determine whether NC is applicable to the

1
analysis of the braked-wheel performance of pneumatic tires operating in
clay. If it 1s adequate to account for the effects of load, soil
consistency, and tire size (circular-cross-section tires only), the rela-

tion between Nc and each dependent performance parameter should be

1
described by a single line.
a. Drag Ratio

The drag ratio (D/W) is plotted versus NC in figure 3 for tests with

the 4.00-7 tire (open symbols) and the 9.00-14 tire (closed symbols)
operating at approximnately 40 percent braked-wheel slip. The data cannot
be described by a single line, indicating that one or more of the variables
in the basic numeiic are not in the proper rstio. Therefore, Ncl does not
adequately correlate with the drag ratio under conditions of braking.
However, the data do suggest what the proper form of the numeric should
be. For example, figure 3 shows that the dacra points group by cone index.
The loads within each group are not equal, but are approximately proportiocnal
to the tire size. The fact that data from both si_es of tires plot together
as long os the cone index is nearly constant indicates that the difference
in the applied load 1is not the source of variation. Since all data were
vbtained at one braked-wheel slip, slip is not a factor in the analysis at
this point.

The above results suggest that cone index is the variable that is

not in proper scale. When the cone index value in equation . is squared,

yielding
2
_ C'bd
Nc2 T W 3)
and Nc7 is plotted versus the drag ratio, a single relation results

(figure 4). This implies that a change in cone index has a greater
absolute effect on drag force in the braked-wheel condition than it does
c2 8
not dimensionless, so additional variables are required to restore the

on pull in the powered-whee: condition (reference 2). However, N

dimensionless condition.
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Other work in progress at the WES has shown that cone index is
rate depend.:nt. This rate dependency may explain the additional effect
of cone index, and the term required to account for it could very well
be the additional variable needed for dimensional balance. One of the
classic dimensionless parameters of fluid mechanics is rVZ/p, where
¢ 1s mass density, V is velocity, and p is pressure. If cone index is
substituted for pressure, and if it is assumed that velocity is the
forward speed of the carriage (Vc) and that p is the mass density of the
soil, and if the inverse of this dimensionless parameter is multiplied by
Ncl’ the resulg is the dimrnsionless term Czbd/wOVi. The degree of associa-
tion hetween c“bd/vai and drag ratio is essentially the same as between ch
and drag ratio for the data of this test program because forward velocity
VC and soil mass density; were nearly constant for all tests. A check on
the effectiveness of Czbd/wovz in describing drag ratio must await future
tests in which values of VC and p are varied.

Equation 3 collapsed the drag ratio data for one value of braked-
wheel slip; a family of curves (figure 5) defines this relation for four

levels of slip. The data at NC = 200 are cross plotted in figure 6.

2
fince the slope of the iline in figure 6 is 1:2 on a logarithmic plot,

the separation between the curves in figure 5 is proportional to the

square root of braked-wheel slip, i.e., 51/2, another dimensionless number.

Drag ratio data are plotted in figure 7 versus

/)
Cbd
NN " (4)
c3 w(8)1/2

The data collapse along a single curve, indicnting that NC adequately

3
describes the effects of soil strength, load, tire geometry, and braked-
wheel slip on changes in the drag ratio. However, to determine with

certainty whether this or some other arangement of variables is corrcct,
additional tests should be run in which each of the variables is studied

over a range of values.
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a. Drag Ratio
Drag ratio data from tests conducted with both the 4.00-7 (open
symbols) and the 9.00-14 (closed symbols) tires at several values of

braked-wheel slip are plotted versus N_. in figure 1l1. From the reiations
o

shown, drag ratic appears to be indepenient of Nsl’ especially at 20 and
40 percent braked-wheel slip (figures 11b and 1llc). The independence is
not as apparent in the 12 and 80 percent data, but this 1s thought to be
the result of data scatter wssoclated with the extreme slip conditions.
The reason for the apparent separation by tire sizes in figures 1lla and
11b is not known. A stong dependenre of 4rag force on braked-wheel slip
can also be seen in figure 11.

To investigate these relations, drag ratio was plotted versus
braked-wheel slip (figure 12) for all the tests in sand used in this
study. Figure 12 shows that drag ratio is unlquely related to slip for
all conditions tested, except possibly between 0 and 20 percent. It seems
possible thar at slips between 20 and 100 percent, the shoving action of
the braked tire creates a mass of soil ahead of the wheel whose strength
tends to be constant. This would affectively negate the effects of
strength differences in the original soil. A considerable amount of
gcatter occurs at high braked-wheel slips in the data shown in figure 12,
but there 1s a definice intermingling of data for all test conditione
from 20 to 100 percent slip. The data in this range do not separate on
the basis of tire size. The reason for rhe separation in the 0 to 20
percent slip range is not understood, and further studies are needed before
an attempt is made to explain it. The data in figure 12 make it clear
that, for the greater part of the braked-wheel slip range, the drag force
depends primarily on load and slip in sand. This suggests that the drag

force relation is almost entirely deperdent on frictional resistance

developed at the tire-soil interface.
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b. Sinkage Rario

In figure { the :inkage ratio (z/d) .s plotted versus NCl for both

tires operating brak.d-wheel at approximate'y 40 percent slip. Data are

il

from the same tests as those used in figure 3. The data in figure 8 tend

e

to separate on the basis of tire size, particularly for large values of the

@

sinkage watio. As with the drag ratio, equation (1) is not adequate for %

developing a correlation with sinkage ratio under braking conditions. The z

: tendency of tne sinkage ratio data to separate by tire size indicates that %
;J 4 necessary linear dimension is missing. This is substantiated by the %
;% observatirr that the data collapse, particularly at high values of the é
.E sinkage r.atio, much better if the sinkage ratio values for the 9.00-14 §
: tire are divided by 2. :
Since the linear scale of the model-prototype system is also 2, the {

data in figure 8 can be collapsed by dividing the sinkage ratio values by %

tire diameter, y'elding a revised ratio, z/dz. The data have beeu %

replotted using this revised ratio in figure 9. A much better courrelation

. : 2 .
is attained between z/d” and NCl in figure 9 than was present bztween z/d

and Nc’ in figure 8, particularly for large values of the ordinate teims.

-

@f [t should be noted that a relation similar to the one shown in

figpure 9 would result if values of the sinkage ratio were divided by the

tire width, or by some combination of tire width and diameter that would

result in a unit of length. The proper combination to make such a relation

valid for any tire size could not be ascertained from this limited test

program. To determine tnis would require additional tests in which one of

the parameters is varied while the others are held constant.

5
423
3

The introduction of an additional term in the sinkage ratio destroys

I e

A

the dimensionless character of the relation; therefore, other variables

o

must be included to restore proper dimensional balance. Other work at the

LA
s

WES, discussed on page 7, has shown the properties of clay to be rate

G

dependent: this rate dependency could very well be the source of the

= ke s

2+

additional parameters necessary for dimensional balance. For example,

%t

-
dimensional balance would result if the Froude number V' /Lg were used,

where V is velocity, L is a characteristic linear dimension of the system, P

TR E
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and g is the acceleration of gravity. If tiie diameter d 1s substituted
for L and forward carriage speed Vc for V in the Froude number, and if
the resulting dimensionless parameter is multiplied by z/d, the result is
zVi/dzg. Carriage speed and acceleration of gravity were constant in
this test program, so pvoof of this hypothesis requires that tests be
conductid in which speed 1s a variable.

The revised sinkage ratio (z/dz) collapsed the sinkage data for one
value of braked-wheel slip. A procedure following that shown in figures 5
and 6 for drag was applied to sinkage, and 1t was established that, at anv
single value of Ncl’ the revised sinkage ratio is approximately proportional
to the tenth root of braked-wheel slip, resulting in

Nc& = w—(%t)%/l—a—— (5)

Tie relations of the revised sinkage ratio versus NC are shown in

tigure 10, Although there is some scatter, especialiy at very low values
of tlie revised sinkige ratio, all the data now can be described by a single
curve, indicating that the revised sinkage ratio and Nc4 can reasonably
well describe changes in sinkage,

The scatter of low values of the revised sinkage ratio occurred
partly because the sinkages were gso small that they were difficult to
measure accurately. Scatter at all values of the ratio 1s thought to
result primarily from variation fn the original sinkage measurements caused
by nonuniformities in soil strength and from the tire continually picking
up and depositing clay as it progressed down the traffic lane. Because
of the variatiorn in the original sinkage measurements, the accuracy of
the exponent 1/10 in equation (5) is somewhat questionable.

3. TESTS IN SAND

The analysis of the data from braked-wheel tests in sand followed the
same pattern as the analysis of data from tests in clay. The preliminary
goal was to determine if the drag and sinkage ratios respond in a unique

and predictable manner to changes in the basic sand numeric (Nsl’ equa-

tion 2),
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b. S.nkage Ratio

The reiation of sinkage ratio values to qu at four levels of

braked-wheel slip is deccribed by a family of curves of similar shape in
figure 13. To collapse these data to a single curve, the function 1 - 81/2

was used, yielding

Gb(bd)3/2

“""EJE?T

N
s

(6)

c2

The dejree of coilapse achieved with equation (6) is shown in figure 14.

The good fit verifies that NS describes tire sinkage performance quite

2
well in the braked-wheel condition.
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SECTION IV

]
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A
3
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3
g
g
1

CONCLUSIONS AND RECOMMENDATIONS

ﬁi 1. CONCLUSIONS
E Based on the analysis of data from the braked-wheel tests reported
ﬁ‘ herein, the fellowing conclusions are drawn:

a. The basic numerics NC

and NS used to describe powered-wheel i

1 1
performance in clay and in sand, respectively, can be revised to predict

braked-wheel tire sinkage if tire diameter is squared in the sinkage ratio ;

(z/dz) for clay, and if the appropriate functions of slip are included in

gt the revised numerics (equation 5 for clay and equation 6 for sand).
ﬁ b. For the range of conditions tested in clay, drag ratio (drag/
E% load) is closely related to Nc3’ a nu;eric diiferent from NCl in that
:5: NC3 includes a function of slip and C~ (cone index squared) instead of
] C--see equation (4).

¢. For the sand tests, drag ratio is closely related to traked-
wheel slip in the 20 to 100 percent range. Between 0 and 20 percent
slip, the data appear to separate by tire size, but not by any other

variable included in this test program (figure 12).

e
R s i L RN e

d. Because the performance data of the two test tires (whose majc-

dimensions differ by a ratio of approximately 1:2) can be collapsed using
3 the revised dimensionless numerics (equations (4), (5), and (6) and figures

7, 10, and 14, respectively), there is a good possibility that results of

3 scale-model tire tests can be used to predict prototype tire behavior

B

2 under braked-wheel conditions both in clay and in sand.
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2. RECOMMENDATIONS

To determine the final forms of the numerics thai will accurately

predict performance of tires operating under braking conditions, it is

recommended that:

a. Further brake i-wheel tests at a range of speeds be conducted in

clay of different densities to determine the terms required to make the
numeric for predicting drag/load dimensionless.

b. Data from these additional tests be analyzed to check the
exponent of the slip term in the numeric for predicting sinkage/tire
diameter (equation (5)).

c. Tests be conducted in sand to discover the sigrificance of the

separation of data by tire size in the relation between drag/load and

braked-wheel slip below 20 percent.
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